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The evolutionary significance of genetic recombination and sexual reproduction has attracted the attention of population geneticists since the earliest days of the subject [1, 2] . As most species of higher organisms engage in sexual reproduction, with relatively free genetic recombination throughout their genomes, any evolutionary advantages to sex and recombination must involve processes that are in common to most of these species, rather than ones restricted to organisms with particular ways of life. This allows some theories to be rejected with fair confidence, but numerous potential candidates survive. These are not mutually exclusive [3] [4] [5] , so that we are confronted with the difficult task of trying to evaluate the relative importance of several different possibilities.
One important class of model involves the problem that a new beneficial mutation faces if there is genetic variation in fitness due to alleles segregating at other loci ( Figure 1 ). This is most easily understood when there is no recombination throughout the genome. If a new mutation appears as a unique event, it will be associated with a particular genotype at other loci, sampled at random from the population. The fate of the new mutation is dependent on the fitness of this background genotype, as well as on its own effect on fitness (Figure 1) . A rare beneficial mutation has a high chance of being lost from a population, because of the effects of random sampling on the small number of individuals that initially carry the mutation [1] . This chance is nearly one if it has a net fitness disadvantage; the chance of survival is otherwise approximately equal to twice any net fitness advantage [6] .
A wide distribution of background fitnesses can therefore reduce the overall chance of survival of a new beneficial mutation, as the certainty of loss when it is is associated by chance with a low-fitness background will outweigh the relatively small gain in its chance of survival from an association with a highfitness background (Figure 1 ). If there is reasonably free genetic recombination, however, the beneficial mutation quickly becomes dissociated from the background in which it originally arose, and its fate is mainly determined by its own effect on fitness.
This effect was first pointed out by R.A. Fisher [1] in the context of genetic variation produced by recurrent mutation to deleterious alleles at loci throughout the genome. If we consider the genotypes present in a given generation, the lineages descended from all but the currently mutant-free individuals in a non-recombining population are destined for ultimate elimination by selection. A beneficial mutation that arises in lineages with one or more mutations will thus also be eliminated, unless its own effect on fitness is large enough to enable it to overcome their deleterious effects. Its net chance of survival is therefore reduced.
Conversely, the chance of fixation of a new weakly deleterious mutation by genetic drift is increased, as the restriction of successful variants to currently mutation-free lineages results in a reduction in the evolutionarily effective size of the population, enhancing the effectiveness of genetic drift relative to selection. Recent theoretical work has quantified the expected magnitude of this 'background selection' process The overall conclusion, therefore, is that genetic variation in fitness reduces the efficacy of selection relative to genetic drift, in populations with little or no genetic recombination. The overall level of adaptedness of a population is thus enhanced by the occurrence of recombination. This is consistent with the observed reduction in adaptation in some non-recombining genomes, notably Y chromosomes, although several other processes may also be involved [12] .
A recent study by William Rice and Adam Chippindale [13] of experimental populations of Drosophila melanogaster attempts to detect this effect of recombination, by comparing the fates of a beneficial variant introduced into populations with differing levels of genetic recombination. The variant in question is the wild-type allele (w + ) of the X-linked white eye-colour mutation. The experimental populations had been made homozygous for the mutant w allele by crossing it onto a genetic background derived from a wild-type population used in earlier experiments [14] . Under the experimental conditions, there was little or no natural selection on w + versus w. An artificial selective advantage was conferred on w + by adding 10% extra w + flies to the population when creating the next generation. In order to produce measurable effects of the experimental treatments on the change in frequency of w + , the populations were all started with an initial frequency of 20% of w + . The time-courses of change in the frequencies of w + in replicate populations with high and low levels of genetic recombination were then compared. These populations were constructed by means of 'clone-generator' females, used with great success in the previous experiments [14] . This method employs translocations between the second and third chromosomes to tie them together genetically, combined with an 'attached-X' chromosome that causes transmission of the X from father to son, because flies that receive a paternal X and an attached-X are inviable and the mothers carry a Y chromosome that they transmit to their sons (Figure 2) . A wild-type male crossed to a clone-generator female will thus produce sons that carry his X chromosome, and his second and third chromosomes heterozygous over the translocation.
As there is no crossing over in male Drosophila, a backcross of a son to the clone-generator stock will preserve an entire haploid paternal genome intact (apart from the tiny fourth chromosome), so that the male haploid genome is transmitted from father to son like a giant Y chromosome. A whole population of males can be formed in this way, with a mixture of w + and w X chromosomes and with second and third chromosomes taken from the wild-type base population. By keeping on crossing the males back to the clonegenerator females, the fate of w + in a population with a largely non-recombining genome can be followed.
Populations with partially recombining genomes were constructed by using clone generators with attached-X chromosomes, in which the rest of the genetic background was derived from the wild-type base population. Only the X chromosome lacks genetic recombination in this case (Figure 2) . In order to simulate the effects of recombination on the X chromosome, these populations were initiated with 20 w + chromosomes isolated from independent males from the base Because of the combined effects of the lack of crossing over in males, the presence of the 2-3 translocation, and the patrilineal inheritance of X chromosomes in crosses to attached-X females, the set of wild-type X, 2nd and 3rd chromosomes are transmitted without recombination to the progeny males. In (B), the clone generator females carry an attached-X (black) and wild-type 2nd and 3rd chromosomes (white). The males from the experimental population carry wild-type sets of X, 2nd and 3rd chromosomes (white). Only the X chromosome is prevented from crossing over, because of its patrilineal inheritance, but it segregates randomly from the 2nd and 3rd chromosomes. 
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population, whereas the other populations started with 20 w + chromosomes derived from a single original male. This is intended to reproduce the difference between the unique genetic background experienced by a new mutation in a non-recombining population, and the randomised genetic background that it experiences when there is recombination. In the 'recombining' populations, genes on the X freely recombine with genes on the second and third chromosomes.
The results of monitoring 17 replicate populations of each type for 10 generations suggested a strong effect of the difference in treatment. Given the small population sizes -100 haploid genomes were transmitted in each generation -there was a good deal of scatter in the trajectories of gene frequencies, even in the 'recombining' populations, but the mean course of change was much as expected from the advantage to w + . There was a much greater scatter in the nonrecombining populations, with some showing a rapid reduction in the w + frequency, and others a rapid increase. In addition, the mean cumulative change in frequency of w + seemed to stall at a value of around 10% after 10 generations, whereas it was still going up in the 'recombining' populations. This is what is qualitatively expected under the effects of either deleterious mutations or loci subject to balancing selection in a non-recombining genome, as any initial advantage of a beneficial mutation may eventually be eroded by the accumulation of deleterious mutations [7] , or by the resistance of balancing selection to deviations from equilibrium [10, 11] .
Additional evidence was obtained by direct estimation of the amount of genetic variation among different whole haploid genomes, by a method used in previous experiments [14] . This gave an estimate of about 0.11 for the standard deviation of fitness caused by genetic differences among the haploid sets genomes in the base population. This suggests that there is some scope for fitness variation to significantly affect the fate of new mutations when there is no recombination, although (contrary to what is implied by Rice and Chippindale [13] ), the size of this effect is not simply determined by the variance in fitness [7, 8] .
Rice and Chippindale [13] conclude that they have successfully demonstrated an evolutionary advantage to recombining populations subject to variation in fitness, caused by a faster rate of incorporation of beneficial mutations. The experimental results are impressive, and there is no doubt that they are seeing a real difference between their treatments. There is a question, however, as to whether this really reflects the effect of recombination, rather than the greater diversity of X chromosomal genetic backgrounds in the 'recombining' populations. Although this diversity was introduced in order to simulate the effects of recombination, it is unclear whether the magnitude of any effect of recombination would be comparable to that caused by the increased X chromosomal diversity. The experiment therefore provides only a qualitative demonstration of the principle involved; the question of the sources of the evolutionary advantage of sex and recombination still remains open.
